Over the last three years, three new species of saw-browed diamond frogs (Rhombophryne serratopalpebrosa species group)-a clade of cophyline microhylid frogs native to northern and eastern Madagascar-have been described. We here review the taxonomy of these frogs based on a new multi-gene phylogeny of the group, which confirms its monophyly but is insufficiently resolved to clarify most intra-group relationships. We confirm Rhombophryne guentherpetersi (Guibé, 1974) to be a member of this group, and we re-describe it based on its type series and newly collected material; the species is characterised by small superciliary spines (overlooked in its original description), as well as large tibial glands and an unusually laterally compressed pectoral girdle. We go on to describe two new species of this group from northern Madagascar: both R. diadema sp. nov. from the Sorata Massif and R. regalis sp. nov. from several sites in the northeast of the island possess three superciliary spines, but they are characterised by several subtle morphological and osteological differences. The new species are separated from all known congeners by an uncorrected pairwise distance of at least 5.1% in a ca. 550 bp fragment of the 16S rRNA gene. In order to highlight the significance of the skeleton in the taxonomy of this group, we provide a detailed description of its generalized osteology based on volume-rendered micro-CT scans of all described members, revisiting already-described skeletons of some species, and describing the skeletons of R. guentherpetersi, R. coronata, and the new taxa for the first time. Use of volume rendering, instead of surface rendering of micro-CT data, resulted in some discrepancies due to the properties of each method. We discuss these inconsistencies and their bearing on the relative value of surface and volume rendering in the taxonomist's toolkit. We argue that, while surface models are more practical for the reader, volumes are generally a more objective representation of the data. Thus, taxonomic description work should be based on volume rendering when possible, with surface models presented as an aid to the reader.
Introduction
Cophylinae Cope, 1889 is the most diverse of Madagascar's three endemic microhylid subfamilies, with 73 described species (AmphibiaWeb 2017; Lambert et al. 2017) . Mitochondrial DNA barcoding studies have suggested that the number of described species of this subfamily covers barely half of its total diversity Perl et al. 2014) . More than 70 candidate species were revealed by Andreone et al. (2005) , , Vieites et al. (2009), and Perl et al. (2014) , and although several of these candidates have already been described in the meantime (e.g. D'Cruze et al. 2010; Glaw et al. 2010; Köhler et al. 2010; Vences et al. 2010) , the taxonomic gap in this subfamily remains large.
FIGURE 2. Definition of skeletal measurements taken for this study: (a) snout length, from the anterior frontoparietal to the anterior premaxilla; (b) brain case width, at mid-orbit; (c) skull length, from occipital condyle of exoccipital to the anterior premaxilla; (d) maximum skull width, typically at the middle of the quadratojugal (not landmark-based); (e) parasphenoid length; (f) parasphenoid width, at mid-orbit; (g) length of parasphenoid cultriform process; (h) distance from parasphenoid alae to waist of cultriform process (the waist being a distinct discontinuity in the angle of expansion of the cultriform process); (i) coracoid width at glenoid socket; (j) coracoid width at thinnest point; (k) coracoid width at sternal end; (l) length of anterior edge of coracoid; (m) length of posterior edge of coracoid; (n) length of anterior face of scapula, (o) length of urostyle; (p) distal width of sacral diapophysis; (q) base width of sacral diapophysis; (r) length of acetabulum; (s) distance between anterior tips of iliac shafts; (t) length of femur from condyle to condyle; (u) length of tibiofibula from condyle to condyle. Not to scale.
Surface models of scans were made in Amira 5.4.5 or 6.0 (FEI Visualisation Sciences Group, Burlington, MA, USA), and refined using local manual thresholding and segmentation. These were embedded into portable document files (PDFs) using Adobe® 3D Toolkit and Adobe® Acrobat Pro XI, essentially following Ruthensteiner & Heß (2008) . These PDFs are provided as supplementary 3D models (Figs S1-S12).
External morphological measurements. Morphometric data were produced using a digital calliper to 0.01 mm, rounded to the nearest 0.1 mm (note: ratios were calculated using non-rounded values and subsequently rounded). We measured the following characters: SVL (snout-vent length), HW (maximum head width), HL (head length, from the maxillary commissure to the snout tip. Note: this is measured along the jaw, and not parallel to the longitudinal axis of the animal), ED (horizontal eye diameter), END (eye-nostril distance, from the anterior eye to the posterior of the naris), NSD (nostril-snout tip distance, from the centre of the naris), NND (internarial distance, from the centre of each naris), TDH (horizontal tympanum diameter), TDV (vertical tympanum diameter), HAL (hand length, from the carpal-radioulnar articulation to the tip of the longest finger), LAL (lower arm length, from the carpal-radioulnar articulation to the radioulna-humeral articulation), UAL (upper arm length, from the radioulna-humeral articulation to the trunk, measured along the posterior aspect of the arm), FORL (forelimb length, given by the sum of HAL, LAL, and UAL), FOL (foot length, from the tarsal-metatarsal articulation to the tip of the longest toe), TARL (tarsal length, from the tarsal-metatarsal articulation to the tarsal-tibiofibular articulation), FOTL (foot length including tarsus, given by the sum of FOL and TARL), TIBL (tibiofibula length, from the femoral-tibiofibular articulation to the tarsal-tibiofibular articulation), TIBW (maximum tibiofibula [=shank] width), THIL (thigh length, from the vent to the femoral-tibiofibular articulation), THIW (thigh width at thickest point, measured in supine position), HIL (hindlimb length, given by the sum FOL, TARL, TIBL, and THIL), IMCL (maximum length of inner metacarpal tubercle), IMTL (maximum length of the inner metatarsal tubercle). For a figure of the application of this scheme, readers are referred to Scherz et al. (2015b) ; for the sake of consistency, we here retain the abbreviations we have used previously instead of those proposed by Watters et al. (2016) . A table including all morphological measurements is provided as Appendix 1.
DNA sequencing. We extracted total genomic data from tissue samples stored in 99% ethanol using proteinase K (final concentration 1 mg/mL). DNA was isolated using a standard salt extraction protocol (Bruford et al. 1992) . We used previously published sequences of the mitochondrial genes for cytochrome c oxidase subunit 1 (cox1) and 16S rRNA (16S, two separate non-overlapping segments) as summarized by Scherz et al. (2016b) , and we complemented these by additional sequencing of previously unrepresented taxa. Furthermore, for several representatives of the R. serratopalpebrosa group we sequenced a segment of the nuclear gene for sacsin (sacs). DNA segments were amplified for the 5'-terminus of 16S using primers 16S-L3 and 16S-AH ; for the 3'-terminus of 16S using primers 16Sar-L and 16Sbr-H (Palumbi et al. 1991) ; for cox1 using primers dgLCO1490 and dgHCO2198 , and for sacs using a nested PCR approach with the primer pairs SACSF2/SACSR2 and SACSNF1/SACSNR2 of Shen et al. (2012) . PCR conditions followed for 16S, Perl et al. (2014) for cox1, and Shen et al. (2012) for sacs.
Sequences were resolved using an ABI 3130xl automated DNA sequencer (Applied Biosystems) and deposited in GenBank (accession numbers KY748094-KY748115). Sequences were error-checked in CodonCode Aligner v. 5.1.4 (CodonCode Corp.) and aligned using the MUSCLE algorithm (Edgar 2004) in MEGA 7 (Kumar et al. 2016) . Sequences of cox1 and sacs were translated into amino acids for confirmation. All hypervariable regions of the 16S gene were conservatively excluded from analysis; exploratory analyses however showed that retention of these stretches resulted in an identical topology and similar support. Our matrix included all available samples of the R. serratopalpebrosa group from the analysis of Scherz et al. (2016b) , complemented by sequences of various additional individuals of this group. Because Stumpffia is the sister taxon of Rhombophryne , we used Stumpffia psologlossa (the type species of Stumpffia) as the outgroup, and also added sequences from Scherz et al. (2016b) of all Rhombophryne not belonging to the R. serratopalpebrosa group to the analysis, to serve as hierarchical outgroups.
We used PartitionFinder v. 1.1.1 (Lanfear et al. 2012) to determine partitions and substitution models for our data set and ran a partitioned Bayesian Inference (BI) analysis in MrBayes 3.2 (Ronquist et al. 2012) . Two independent runs of 20 million generations, each comprising four Markov chains (three heated and one cold), were sampled every 10,000 generations. Mixing and stationarity were assessed by examining the standard deviation of split frequencies and plotting the -lnL per generation using Tracer v1.5 software (Rambaut & Drummond 2007) . The runs were combined to obtain a 50%-majority-rule consensus tree, with 25% of generations discarded as burnin (all compatible nodes with probabilities > 0.5 kept).
Results
The concatenated alignment of four segments of three genes (16S, cox1, sacs) used for analysis consisted of 2491 nucleotide characters. Of these, 581 were variable and 406 of these were parsimony informative. Most new sequences used for this study were added for species of the R. serratopalpebrosa species group only. As expected, the relationships among other Rhombophryne were insufficiently resolved and are, therefore, neither shown nor further discussed here; see Scherz et al. (2016b) for a complete tree including these species. The R. serratopalpebrosa group was found to form a highly supported monophyletic group within the genus Rhombophryne (Fig. 3) . The tree also confirms R. longicrus Scherz, Rakotoarison, Hawlitschek, Vences & Glaw, 2015 and R. minuta (Guibé, 1975) as forming a clade that is sister to the R. serratopalpebrosa species group (as previously suspected; see Scherz et al. 2015b Scherz et al. , 2016b . The R. serratopalpebrosa group contains all Rhombophryne species with distinct supraocular spines, as well as R. guentherpetersi, a species in which these spines are quite small and not obvious at first glance, thereby confirming the phylogenetic placement of this species by Scherz et al. (2016a,b) . FIGURE 3. Majority-rule consensus tree of the Rhombophryne serratopalpebrosa species group and its sister clade, obtained by partitioned BI analysis, based on 2491 nucleotide characters of two mitochondrial and one nuclear gene (16S, cox1, sacs). Asterisks indicate Bayesian posterior probability values (*0.95-0.98, **0.99-1.0; not shown if <0.95). Stumpffia psologlossa and other species of Rhombophryne were used as hierarchical outgroups and are here excluded from the figure as they are not the subject of this study. Members of the R. serratopalpebrosa species group are depicted in life, not to scale.
Genetic data are not available from R. serratopalpebrosa itself. However, monophyly of all species of Rhombophryne with superciliary spines has been recovered strongly and consistently here and in previous studies (e.g. Scherz et al. 2016b) , which provides strong support for our assignment of R. serratopalpebrosa to this group. Furthermore, other morphological similarities between it and the other members of the group, such as the presence of an S-shaped fold posterior to the nostril (otherwise found only in a new species described below), and relatively long limbs and feet without a strongly rounded body shape (typical of most members of the R. serratopalpebrosa species group but also its sister clade R. minuta+R. longicrus), support this assignment. A more extensive analysis of the morphological (including osteological) and morphometric similarities of various different species clusters in the genus Rhombophryne will be included in a forthcoming study.
Within the R. serratopalpebrosa species group, R. coronata is confirmed as the sister taxon to all other species, but all other interspecific relationships are poorly resolved. For instance, despite a high genetic similarity of R. guentherpetersi with R. ornata in one 16S segment (see below), these two species were not resolved as sister species. Exploratory single-gene analyses suggest a possible mitochondrial-nuclear gene tree discordance causing the poor resolution within the group: the mitochondrial genes suggest a close relationship between R. guentherpetersi, R. ornata, and R. tany, whereas the single nuclear gene sacs places R. guentherpetersi basal to a clade containing R. ornata, R. tany, and a new species from Sorata described below (not available for the remaining species).
All species of the R. serratopalpebrosa group for which multiple individuals were available were resolved, respectively, as monophyletic groups (Fig. 3 ) and these were distinguished from each other by substantial genetic distances. In the 3'-terminal segment of 16S used by Vieites et al. (2009) to define candidate species of Malagasy frogs, all species differed by >4% uncorrected pairwise distance (Table 1) , except for R. guentherpetersi and R. ornata, which had only 2.4-3.4% distance. However, this probably just reflects a coincidental and rare similarity between two distinct species, given that in the second 16S segment their pairwise distances amounted to 5.0-7.2%. Pairwise distances in cox1, among the species for which this gene was sequenced, ranged from 5.8-11.6% (Table  1) . None of the species sequenced for sacs (R. coronata, R. guentherpetersi, R. ornata, R. tany, R. vaventy, and the new species from Sorata described below) shared haplotypes of this nuclear gene.
Two lineages were found to be genetically distinct from all nominal species. We describe these as new species due to the congruence of their large genetic distances with morphological differences. Furthermore, we provide a re-description of the poorly known R. guentherpetersi, which both the mitochondrial and the nuclear data support as reliably embedded within the R. serratopalpebrosa group. TABLE 1. Uncorrected p-distances (in percent) in the ca. 550 bp 3'-terminal segment of the 16S gene (lower diagonal) and in a ca. 600 bp segment of the cox1 gene (upper diagonal). Grey cells are within-group distances in 16S. Note that not all available sequences were included in the comparisons because some sequences of much shorter length were excluded. NA, not applicable (due to missing sequences for distance calculation).
Taxonomic accounts
Rhombophryne guentherpetersi (Guibé, 1974) Common name: Tsaratanana saw-browed diamond frog (modified from Frank & Ramus 1995) (Figs 4-7, S1-S2)
Mantipus guentherpetersi Guibé, 1974 : 1181 -1182 Plethodontohyla guentherpetersi-Blommers-Schlösser & Blanc, 1991 . First depicted in life under this name in Stuart et al. (2008) . Rhombophryne guentherpetersi- 118. The photo provided on page 119 of this book is misattributed and depicts an undescribed species (Scherz et al. unpubl. data Diagnosis and comparisons. Rhombophryne guentherpetersi is a member of the genus Rhombophryne on the basis of molecular phylogenetic affinities (Fig. 3) and the possession of a clavicle combined with the absence of Tor Y-shaped terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T-or Yshaped terminal phalanges in the morphologically similar Plethodontohyla Boulenger, 1882). Within the genus Rhombophryne, it is assigned to the R. serratopalpebrosa species group on the basis of possessing superciliary spines and of molecular phylogenetic affinities (Fig. 3, Table 1 ).
Rhombophryne guentherpetersi is distinguished from all other described congeners by the following unique suite of characters: adult SVL 27.3-35.7 mm; TDH/ED = 0.45-0.66; a weak supratympanic fold running from the rear corner of the eye to curve slightly over and behind the tympanum toward the axilla; two or three small superciliary spines; distinct, raised dorsolateral glands, and bulbous tibial glands. The pectoral girdle is distinctly narrower than that seen in its congeners (see Fig. 7 ; 8.2-9.4% of SVL). Furthermore, R. guentherpetersi is separated from all other Rhombophryne species except R. ornata and R. serratopalpebrosa by uncorrected pairwise distances of at least 4.4% in a segment of the 16S rRNA mitochondrial gene (see Table 1 ; no molecular data available for R. serratopalpebrosa)-for distinction from R. ornata, see below.
Rhombophryne guentherpetersi is distinguished from all Rhombophryne species except the R. serratopalpebrosa group by the possession of superciliary spines, and from all members of this group, and indeed all cophyline microhylids, by the possession of bulbous tibial glands. Genetically, R. guentherpetersi is very closely related to R. ornata-they are separated by just 2.4-3.4% in one fragment of the 16S gene (see Table 1 ), which is lower than our standard threshold for candidate species recognition ). However, the two species are highly morphologically distinct, differing not just in the presence or absence of tibial glands, but also in the shorter relative hindlimb length of R. guentherpetersi (HIL/SVL 1.33-1.45 vs. 1.46-1.64), tibiotarsal articulation reaching the axilla or tympanum (vs. between the tympanum and the eye), absence (vs. presence) of red colouration in the inguinal region, partially ossified limb epiphyses and carpals (vs. unossified), and much narrower pectoral girdle (length of coracoid <10% of SVL vs. >12%; see Fig. 7 ). A differential diagnosis from all other cophyline microhylids is unnecessary because the tibial glands allow easy unambiguous distinction. These are noticeable, if not well developed, even in subadults.
Re-description of the holotype. Body robust. Head wider than long (HW/HL = 1.35). Pupils horizontally oval. Snout rounded in dorsal and lateral views. Canthus rostralis concave. Loreal region concave. Nostrils nearer to snout tip than to eye (END/NSD = 1.24), directed laterally, slightly protuberant. Tympanum distinct, TDH/ED = 0.47. Weak supratympanic fold, from middle rear of eye curving slightly over and behind tympanum toward the axilla. Two small superciliary spines above each eye. Vomerine teeth present, curved, not meeting at the midline.
Arms robust. Fingers without webbing; relative lengths 1<2<4<3, fourth finger distinctly longer than second; finger tips not expanded; fingers not reduced; nuptial pads absent; inner metacarpal tubercle present, outer metacarpal tubercle divided, faint; subarticular tubercles distinct, undivided. Hindlimbs short and thick; tibiotarsal articulation reaches the axilla; TIBL/SVL = 0.35. Strongly developed tibial glands cover almost the entirety of the dorsal tibia. Inner metatarsal tubercle present, enlarged, outer metatarsal tubercle absent. Toes unwebbed; relative lengths 1<2<5<3<4, fifth toe distinctly shorter than third. Toe tips not expanded.
Dorsal skin slightly granular except on the head, where it is slightly rougher, with a slightly raised ridge on the midline of the head. Dorsolateral folds absent. A porous glandular formation extends from the suprascapular region to the inguinal region on either side of the body. Ventral skin smooth.
Colouration of the holotype: (Figs 4, 5) Light reddish-brown above with irregular small dark speckling. Loreal and tympanic regions lighter than dorsal head, without speckling. Glandular formations on tibiae and dorsum darker brown, as are the anterior surfaces of head and above eyes. Flanks fading from dorsal colour to ventral colour. Venter uniformly tan to cream. Limbs coloured as the dorsum.
Variation. The type series is composed of two juveniles, one subadult, and one poorly preserved adult, in addition to the holotype. Our newly added material consists of three well-preserved adults, including the first male specimen. All specimens, including the juveniles, possess superciliary spines, but they are small and variable in number, and in poorly preserved specimens cannot be well distinguished (but can be distinguished in life; see Fig. 6 ). ZSM 606/2014 has three superciliary spines, whereas all other specimens have two. The paratype MNHN 1953.165B is darker than the rest of the type series and has much rougher skin (but is also particularly poorly preserved). All specimens, including the juveniles, have tibial glands, but these are less bulbous in the juveniles and subadult, becoming large only in the adults (confirming that all members of the type series are indeed conspecifics). The one male specimen is smaller than the adult females, but is in all other aspects highly similar in morphology (see Appendix 1). The tibiotarsal articulation reaches either the axilla or the tympanum. A prepollex is well developed in the one available male specimen, ZSM 607/2014. The species may have some degree of sexual size dimorphism, as the only male specimen is slightly smaller than all adult female specimens available (27.3 vs. 28.9-35.7 mm) .
Colouration is relatively homogeneous, but shade and pattern differ somewhat (Fig. 6 ). The newly collected specimens are much darker brown in colour than the type series, but generally have commonalities to their colour patterns: a pair of blackish oblong markings above the suprascapular region (Fig. 6 ). These markings are present only in one member of the type series (MNHN 1973.592) . The lateral body has several dark-brown flecks. These are present in all of the paratypes but not in the holotype. The venter is mottled dark and light brown in some specimens but is almost solid dark brown in others. A light brown interocular bar is sometimes present, anterior to which the snout is typically lighter brown than the dorsum. The dorsolateral glands can also be this light brown, or they can be continuous with the rest of the dorsum.
Remarks. The following inconsistencies exist between our re-description and the original description of this species by Guibé (1974) : Superciliary spines are present; these were apparently overlooked in his description. Tibiotarsal articulation was given as reaching the eye. This could not be verified in any member of the type series except the poorly preserved paratype MNHN 1973.592, the vertebral column of which is inverted (i.e. convex instead of concave), possibly misleading tibiotarsal articulation. The holotype is 10 mm longer than described (34.6 mm vs. 25 mm). Guibé (1974 Guibé ( , 1978 stated that the prepollex was developed in males, but the type series does not contain any males. Nevertheless, we have confirmed this observation with a newly collected male specimen (see Variation above).
Natural history. At Andranomadio, specimens were found during the day in high-altitude rainforest with rather open canopy (2503 m a.s.l.), burrowed several centimetres deep in the ground. Another individual (ZSM 608/2014) was collected above the treeline (2732 m a.s.l.), in an area of grassland with some scattered heath, hidden under a stone during the day.
Distribution and conservation status. Rhombophryne guentherpetersi is currently listed in the IUCN Red List as Endangered under criterion B1ab(iii) (IUCN SSC Amphibian Specialist Group 2016a), meaning an extent of occurrence of < 5000 km 2 (B1), a severely fragmented habitat or known from ≤5 locations (a), and an observed, estimated, inferred, or projected on-going decline in the area, extent and/or quality of habitat (b(iii)). At present, R. guentherpetersi is known only from the Tsaratanana Massif. The exact collecting locality of the type specimens is not clear (Guibé 1974) , but three specimens were collected on a recent expedition to the Tsaratanana Massif (ZSM 606-607/2014 at 14.0801°S, 48.9854°E at 2503 m a.s.l; ZSM 608/2014 at 14.0665°S, 48.9832°E, 2732 m a.s.l.; Fig. 8 ). These two localities are well inside the protected area of Tsaratanana Strict Nature Reserve, to which only researchers and conservation workers are permitted access. Although it is possible that the species may occur in the forest corridor between Marojejy and Tsaratanana (COMATSA; see Rabearivony et al. 2015) , which is pending official protected status, we consider this unlikely: we suspect that R. guentherpetersi is found only at high elevations, possibly near to and above the tree line, which in Tsaratanana is around 2550 m a.s.l. No part of the COMATSA corridor exceeds 2300 m a.s.l. The likely extent of occurrence of this species is therefore limited to an area of 36.4 km 2 . Deforestation and habitat degradation pressure at such high altitude is minimal relative to the lower reaches of the forest, especially due to the strict conservation status of this forest. However, it is not free from threats: Climate change may be a significant factor for species living near the tops of mountains, as their niche space diminishes with rising temperatures. Fires in the high mountain grassland could swiftly eradicate the suitable open habitat and leave only forest habitat available. To balance (1) the small range of this species, (2) the highly protected status it enjoys, and (3) the threats that persist despite this protection, we propose to maintain a status of Endangered B1ab(iii) (IUCN 2012), but encourage further surveys within COMATSA and Tsaratanana Strict Nature Reserve in order to better understand the distribution and ecology of this species.
Randrianirina, and H. Randriamahazo on the west slope of Anjanaharibe-Sud (Analabe) at 'Camp W1' (14.7783°S, 49.4634°E), around 1050 m a.s.l.
Diagnosis and comparisons. A species assigned to the genus Rhombophryne on the basis of molecular phylogenetic affinities (Fig. 3) , and the possession of a clavicle combined with the absence of T-or Y-shaped terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T-or Y-shaped terminal phalanges in the morphologically similar Plethodontohyla). Within the genus Rhombophryne, it is assigned to the R. serratopalpebrosa species group on the basis of possessing superciliary spines and molecular phylogenetic affinities (Fig. 3) .
Rhombophryne regalis sp. nov. is distinguished from all congeners by the following unique suite of characters: SVL 20.2-26.5 mm; loreal region strongly concave, possessing an S-shaped fold behind the naris; tympanum distinct, TDH/ED = 0.47-0.67; weak supratympanic fold extending from rear corner of eye over tympanum toward axillary region; three superciliary spines, the first of which is largest and pointed anteriorly, the second of which is smaller, and the third of which is diminutive; second finger slightly shorter than fourth, fifth toe distinctly shorter than third; tibiotarsal articulation reaching to or beyond the snout tip; TIBL/SVL = 0.47-0.56. Osteologically, it is characterised by an anteriorly broadening parasphenoid cultriform process, ventromedial contact of exoccipitals, straight postchoanal vomers, smoothly sigmoidal anterior edge of ventral ramus of squamosal, strong dorsal prominence on iliac shafts, and ossified pubis. Additionally, R. regalis is distinguished from all other Rhombophryne species for which molecular data are available by uncorrected pairwise distances of at least 6.1% in a segment of the 16S rRNA mitochondrial gene (Table 1) .
Within the genus Rhombophryne, R. regalis sp. nov. can be distinguished from all species except members of the R. serratopalpebrosa group by the possession of superciliary spines. Within the R. serratopalpebrosa group, R. regalis sp. nov. may be distinguished from R. serratopalpebrosa, which it most strongly resembles, by its smaller size (adult female SVL 20.2-26.5 mm vs. 28.5 mm; males unavailable from R. serratopalpebrosa), weak supratympanic fold (vs. strong supratympanic fold), possession of three superciliary spines: 1 st large, 2 nd medium, Description of the holotype. (Figs 4, 5, 9a, b) An adult male specimen in a moderately good state of preservation, though quite soft. Tissue samples taken from left thigh and tongue for sequencing. A small incision is present in the right side. The testes are well developed and mature, and can be easily identified.
Body robust. Head wider than long (HW/HL = 1.46). Pupils tiny and horizontally oblong (possibly deformed by preservation). Snout rounded in dorsal and lateral view. Canthus rostralis concave. Loreal region concave, with a subtle S-shaped fold that surmounts the nostril anteriorly (otherwise known only from R. serratopalpebrosa). Nostrils nearer to snout tip than to eye (END/NSD = 1.22), directed laterally, slightly protuberant. Tympanum distinct, TDH/ED = 0.47. Weak supratympanic fold, hardly noticeable anterior to tympanum but extending posterior to it toward the axillary region. Three superciliary spines above each eye, the first large and anterior to the eye, the second smaller and above the eye, the third diminutive and over the posterior half of the eye (hardly perceptible without the aid of magnification). Vomerine teeth present in a straight row either side of the palate, approaching each other medially but separated by a small gap.
Arms slender. Fingers without webbing, relative lengths 1<2<4<3; fourth finger distinctly longer than second; finger tips not expanded; fingers not reduced (Fig. 5) ; nuptial pads absent; inner metacarpal tubercle present, outer metacarpal tubercle absent; subarticular tubercles weak, undivided. Hindlimbs fairly slender; tibiotarsal articulation reaches the snout tip; TIBL/SVL = 0.48. Inner metatarsal tubercle present, not enlarged, outer metatarsal tubercle absent, subarticular tubercles indistinct. Toes unwebbed; relative lengths 1<2<5<3<4, fifth toe distinctly shorter than third. Toe tips not expanded, third toe tip pointed.
Dorsal and ventral skin smooth in preservative, but quite bumpy in life (Fig. 9a) . Dorsolateral folds absent. Colouration of holotype: After 19 years in preservative, specimen dorsally brown, with two darker spots above the suprascapulae, anteriorly bordered by cream lines. A darker brown chevron extends from the inguinal regions on either side of the body to the mid-dorsum, bordered anteriorly and posteriorly by thin cream lines. Another cream line extends from the middle lateral side of the frog anteriorly over the axial pit, dorsally encircling the insertion of the arm. Over the suprascapular region, a clover-shaped dark brown marking is present, outlined with a thin cream border (much more distinct in life; see Fig. 9a ). A dark brown interocular bar is also present, likewise bordered with cream. Laterally lighter brown, with a cream line extending from posterior of eye along anterior edge of tympanum to corner of mouth. Legs with one darker brown crossband each on the thigh, lower leg, tarsal, and metatarsal regions, that on the thigh with thin cream borders. Venter cream, with a darker chin. Colouration in life as in preservative, but more vibrant and clear, and somewhat more reddish (Fig. 9a) .
Variation. All paratypes have been more strongly fixed than the holotype. Snout more or less truncate and squared. For variation in measurements, see Appendix 1. TDH larger in all paratypes than in the holotype (full range of TDH/ED = 0.47-0.67). Leg length varies, but the tibiotarsal articulation extends to or beyond the nostril. Supratympanic fold and superciliary spines generally consistent, but influenced by quality of preservation. The tongues of the paratypes are broad, unlobed, and attached anteriorly (that of the holotype has been removed). No sexual size dimorphism is apparent. The paratypes are more uniformly brown dorsally than the holotype, mostly lacking dorsal patterns and cream colouration; ventrally similar, but can be more mottled with light brown. The dorsal skin of all paratypes is rougher than the holotype, both in preservative and in life (Fig. 9) . Notes on osteological variability are given in the Osteology section, below.
Natural history. Several of the paratypes contain developing eggs, revealed by their slightly higher X-ray absorbance than the surrounding tissue in the micro-CT scans; MRSN A4620 had 11, and A6058 had 17. This suggests relatively small clutch sizes. Little is known about the species' life history. The individuals were usually found active on the ground during rainy weather at night. The type series was collected while installing basecamp and drift fences in primary, mid-altitude rainforest, confirming the species as at least partly fossorial.
Etymology. The species epithet is the Latin nominative singular two-ending adjective regalis, meaning 'kingly' or 'regal', and refers to the crown-like superciliary spines that individuals of this species, and all other members of the R. serratopalpebrosa group, possess. Distribution and conservation status. Rhombophryne regalis sp. nov. is reliably known from AnjanaharibeSud, Ambolokopatrika, and Besariaka, over an altitudinal range from 980 to 1050 m a.s.l. (Fig. 8) . It may also be distributed south into Makira, northwest into COMATSA, southeast into Masoala, or northeast into Marojejy-a more detailed sampling including genetic material will be needed to assess its full distribution. Its currently known distribution encompasses an area of 213 km 2 over three threat-defined locations (TDLs). A TDL is defined by the IUCN (2012) as a 'distinct area in which a single threatening event can rapidly affect all individuals of the taxon present'; here, we consider each of the three localities from which the new species is known to be separate TDLs, as deforestation, the greatest threat to these frogs, is generally localized, and disappearance of habitat in one of the locations will not affect the status of the others.
Records of 'R. serratopalpebrosa' from COMATSA by Rabearivony et al. (2015) probably refer to this species as well, but need to be verified with specimens. However, we hypothesise that it may in fact be distributed over an area of >7000 km 2 encompassing adjacent, mid-altitude rainforest in northern Madagascar. The habitat in all three of the confirmed locations where this species occurs is being degraded, despite partial protection-cattle grazing, slash-and-burn, and selective logging are widely practiced, leading to on-going decline in the extent and quality of available habitat. Due to its restricted known range but probable wider distribution, this species is a borderline case between Endangered and Vulnerable using the IUCN classification system. To avoid being inflationary, we conservatively propose a status of Vulnerable for this species according to the IUCN Red List criterion B1ab(iii) (as above, but extent of occurrence <20,000 km 2 and known from 10 or fewer locations) and recommend research to quantify its distribution in northern Madagascar's rainforests.
Rhombophryne diadema sp. nov. Suggested common name: Diadem saw-browed diamond frog (Figs 4, 5, 11, 12 Diagnosis and comparisons. A species assigned to the genus Rhombophryne on the basis of molecular phylogenetic affinities (Fig. 3) , and the possession of a clavicle combined with the absence of T-or Y-shaped terminal phalanges (vs. either absence of a clavicle or possession of a clavicle combined with T-or Y-shaped terminal phalanges in the morphologically similar Plethodontohyla). Within the genus Rhombophryne, it is assigned to the R. serratopalpebrosa group on the basis of possessing superciliary spines and molecular phylogenetic data (Fig. 3) .
Rhombophryne diadema sp. nov. is distinguished from all congeners by the following unique suite of characters: SVL 22.7-23.4 mm; tympanum indistinct, TDH/ED = 0.59-0.64); weak supratympanic fold extending from the rear corner of the eye over and behind tympanum toward the axilla; three superciliary spines, the posterior-most considerably smaller than the anterior two; unreduced fingers, second finger distinctly shorter than fourth; tibiotarsal articulation reaching eye; TIBL/SVL = 0.44-0.46; and fifth toe distinctly shorter than third. Osteologically, it is characterised by an anteriorly broadening parasphenoid cultriform process, prechoanal portion of vomer non-radiate, postchoanal portion straight, broad quadratojugal-squamosal contact, stepped anterior edge of ventral ramus of squamosal, short humeral crista ventralis, weak dorsal prominence on iliac shafts, and partially ossified pubis. Additionally, R. diadema is separated from all other Rhombophryne species for which molecular data are available by uncorrected pairwise distances of at least 5.1% in a segment of the 16S rRNA mitochondrial gene (Table 1) .
Within the genus Rhombophryne, R. diadema sp. nov. differs from all species except members of the R. serratopalpebrosa group by the possession of superciliary spines. Within the R. serratopalpebrosa group, it differs from R. serratopalpebrosa by smaller size Body robust. Head wider than long (HW/HL = 1.59). Pupils round. Snout rounded in dorsal and lateral views. Canthus rostralis concave. Loreal region slightly concave. Nostril nearer to snout tip of than to eye (END/NSD = 0.47), directed laterally, slightly protuberant. Internarial distance greater than distance from eye to nostril. Tympanum indistinct, TDH/ED = 0.64. Supratympanic fold weak, extending from the middle back of the eye over and behind the tympanum toward the axilla. A small granular bump is present posteroventral to both tympana. Three superciliary spines above each eye, the anterior two roughly equal in size, the posterior-most almost imperceptible without magnification. Vomerine teeth present, in straight rows either side of the palate, separated medially by a small gap. Tongue broad and unlobed, attached anteriorly.
Arms fairly slender. Fingers not reduced. Fingers without webbing; relative lengths 1<2<4<3; fourth finger distinctly longer than second. Finger tips not enlarged. Nuptial pads absent; inner metacarpal tubercle present, outer metacarpal tubercle absent, subarticular tubercles weak. Hindlimbs strongly built. Tibiotarsal articulation reaches the eye; TIBL/SVL = 0.46. Inner metatarsal tubercle present; outer metatarsal tubercle absent. Toes unwebbed; relative lengths 1<2<5<3<4; fifth toe distinctly shorter than third. Dorsal skin granular, rugose in life. Dorsolateral folds absent.
Colouration of the holotype: After two and a half years in preservative, dorsal body colour is dark brown flecked with black-in life, the body was a more reddish brown (Fig. 11a) . The posterior half is lighter in colour than the anterior, particularly around the midline. Two light-brown lines run posteromedially from the eyes, approaching one another toward the midline but ending in the suprascapular region. These lines merge anterolaterally at the posterior of the eye with the lighter flank colouration, extending onto the lateral portions of the head. A whitish line runs from the posterior edge of the eye to the corner of the mouth. The arms are dorsally light brown flecked with black. The legs are dorsally light brown, with one dark crossband on the thigh, two on the shank-the proximal of which is less distinct than the distal-one on the tarsus, one on the metatarsals, and some black spots on the toes.
The ventral surface is cream, with a little brown speckling on the chin and below the insertions of the arms. The legs are ventrally flecked with light brown and cream. The iris is gold with black reticulations and a black periphery.
Variation. Morphologically, ZSM 1628/2012 agrees strongly with the holotype. Its tympanum is slightly smaller (TDH/ED = 0.59), and its tibia shorter (TIBL/SVL = 0.44). Its colouration is starkly different, however. Dorsally, it is uniformly an earthy brown. Crossbands on the shanks are faint but present, as is the light line running between the corner of the mouth and the posterior of the eye. Based on colour photographs (Fig. 11) , UADBA-A 60289, which is female, also closely agrees in morphology with the rest of the type material. Its colouration is roughly intermediate between the other specimens, its dorsum being muddy brown flecked with white and black spots; a pair of small white spots being present between the anterior edges of the eyes, and again between the posterior edges, as well as over the suprascapular region. Its inguinal region is a yellowish cream. The crossbands on its legs are as in the holotype.
Etymology. The specific epithet diadema is the latinized Greek word for diadem, a small crown typically worn by female royalty. It refers to the superciliary spines borne by this species. It is a feminine nominative singular noun in apposition. Natural history. Individuals of this species were captured when active during the day jumping among the leaflitter or near pitfall traps, suggesting a terrestrial, possibly partially fossorial lifestyle. The holotype contained at least 13 well-developed, yellow eggs (diameter 2.45 ± 0.25 mm), suggesting that the species was reproductively active at the end of November, around the start of the rainy season.
The montane rainforest of Sorata is under high human-disturbance pressure, especially due to the high number of zebu cattle, which are responsible for widespread forest disturbance in the area. The area where the specimens of this species were discovered was exceptionally intact, with dense leaf litter.
Distribution and conservation status. This species is known only from high altitudes (1339-1407 m a.s.l.) in the forest of the Sorata Massif in northern Madagascar (Fig. 8) . This forest is unprotected and therefore threatened by deforestation and degradation without restriction. Additionally, species at high altitude may be threatened by climate change (Raxworthy 2008; Raxworthy et al. 2008) , although this threat is most likely less imminent than that of deforestation. If this species is restricted to the Sorata Massif, then its extent of occurrence and optimistically estimated area of occupancy constitutes an area of only ~250 km 2 (calculated in Google Earth® Pro 6.1.0.500, Google Inc., Mountain View, CA). Due to its likely restriction to a small area of unprotected forest that is under threat from deforestation and possible long-term threat of climate change, R. diadema sp. nov. qualifies as Endangered under the IUCN Red List Criteria (2012) B1ab(iii) as defined for R. guentherpetersi above, similar to R. longicrus, which was described from the same area (Scherz et al. 2015b ).
Osteology
In the following, we describe the generalized skeleton of members of the R. serratopalpebrosa group, noting where characters vary among and within species. This description incorporates all described species from the group. It should be noted that this osteological description is based on data from a renewed examination of all of the available material, and does not draw on descriptions previously published for R. serratopalpebrosa, R. vaventy, R. ornata, and R. tany . Descriptions of those species should be considered an update or revision of previous conclusions and observations for reasons that are discussed at the end of this paper. These are the first published osteological descriptions for R. coronata, R. guentherpetersi, R. diadema, and R. regalis. Osteological figures (13-19) are drawn from the micro-CT scans of the holotype of R. diadema (ZSM 1629/2012). Videos of the skeletons of all of these species rendered as volumes are deposited at http://morphosource.org/Detail/ ProjectDetail/Show/project_id/254 . PDF-embedded 3D surface models of R. coronata, R. vaventy, R. diadema, R. guentherpetersi, R. regalis, and one specimen of R. ornata are provided as Supplemental Figs S1-S12; for a model of R. serratopalpebrosa, see Scherz et al. (2014) ; for models of R. ornata and R. tany, see Scherz et al. (2015a) . Measurements following the scheme in Fig. 2 are provided in Table 2 .
Ossification. The degree of skeletal ossification is highly variable in this group. The most extreme case is R. ornata, in which considerable portions of the postcranial skeleton are unossified, including the epiphyses of the femur, tibia, tarsals, carpals (but not including the phalanges and metacarpals), and the pubis. Articulations of these bones are therefore invisible in micro-CT scans. All other species are more strongly ossified. The degree of intraspecific variability in the extent of ossification is apparently moderate; in R. ornata (n = 3), all specimens lack ossification in the carpals, tarsals, and bone epiphyses. In R. regalis (n = 5), the extent of ossification varies in some skull bones (e.g. the prootic and squamosal), and is at least partially associated with developmental stage. A similar situation is visible in the skull of a young paratype of R. ornata, which is much less ossified than the adult holotype .
The lack of ossification in some specimens is not a result of specimen conservation modes: (1) specimens of R. regalis fixed and stored in ethanol have practically identical ossification patterns as those fixed in formalin and stored in ethanol, and (2) the most extremely unossified specimens, namely those of R. ornata, were fixed in ethanol. Thus despite the well-known demineralizing properties of formalin (e.g. Fonseca et al. 2008) , the patterns we observe cannot be attributed to fixation chemicals. We tentatively interpret ossification states as true characters for the description of the skeleton here.
Cranium. (Figs 7, 10 , 12, 13). Shape and proportions. The skull is widest at the quadratojugal slightly anterior to the columella (Fig. 2d) , where it is 108-124% of the skull's length (Fig. 2c, Table 2 ). The rostrum is short; the distance from the anterior edge of the frontoparietals to the anterior face of the premaxilla (Fig. 2a) is 19-42% of the skull length (mean 33.6% ± 5.2%; 19% in R. vaventy is an outlier; Table 2 ). The braincase is broad; at the level of the mid-orbit (Fig. 2b) it is 22-33% of the maximum skull width (Table 2) .
Neurocranium. The braincase is moderately well ossified; the sphenethmoid is not ossified medially; a mineral deposit is, however, present between the sphenethmoids in R. ornata, R. coronata (in one specimen extending posteriorly almost to contact with the prootics), R. diadema, R. vaventy (extending posteriorly to contact the prootics), R. tany, and some specimens of R. regalis; sphenethmoids are completely unossified in two juvenile/ subadult specimens of R. ornata. The anteroventral margin of the sphenethmoid lies at the level of the postchoanal vomers (except in R. coronata, in which the bone has an anterior extension that reaches or surpasses the level of the posterior edge of the nasal), and its posterior margin does not exceed the midpoint of the orbit. The sphenethmoid is broadly separated from the prootic. It is generally in ventral contact with the parasphenoid, except in R. guentherpetersi. The exoccipitals approximate one another ventromedially (actually in contact in R. regalis), but not dorsomedially. The dorsal surface of the otic capsule is not ossified. The prootic is dorsally overlapped by the lateral flange of the frontoparietal; ventrally, the prootics are in contact with the parasphenoid alae (except in R. tany, R. ornata, R. guentherpetersi, R. coronata); they are broadly separated from each other.
The septomaxilla is roughly spiralled, the medial ramus extending posterodorsal to the posterior ramus; the anterior ramus is thick, possessing ventral and dorsal rami toward its lateral edge; the lateral ramus is oblique and can have a long acuminate posterolateral extension; the posterior ramus extends from the middle of the lateral ramus ventromedially and can bear a ventral ramus. Due to its small size and fine structure, scan quality has a strong impact on the resolution of this bone. Physical examination, or micro-CT scanning at higher resolution (e.g. based on only the heads or nasal capsules of animals) will be needed to establish structural variability in this bone.
The columella (or stapes) is well ossified, formed by the synostotic fusion of the long, thin pars media plectri (stylus) and the pars interna plectri (baseplate), which ranges from curved to somewhat bilobed (exceptionally stepped in R. vaventy).
Dorsal investing bones. The dorsal investing bones are well developed. The nasals are broad, isolated, and widely separated (except in R. coronata, in which they are narrowly separated; note the degree of variability in R. regalis, Figs S3-S7), situated directly dorsal or slightly anterodorsal to the prechoanal portion of vomer except in R. tany, in which they are anterolaterally displaced (but note intraspecific variability in R. regalis as well; Figs S3-S7), possessing an acuminate posterolateral maxillary process extending ventrolaterally toward the maxilla. An anterolateral knob can be present or absent, and is apparently intraspecifically variable (as assessed in R. regalis; see Figs S3-S7). The nasals curve ventrally toward their lateral edges, affording some protection of the nasal capsule; posteriorly broadly separated from the anterior end of the frontoparietals, except in R. coronata, in which they are almost in contact with the frontoparietals.
The frontoparietals are anteriorly roughly trapezoidal, their anterior margins oblique, their medial margins roughly parallel and narrowly separated, their lateral margins converging slightly anteriorly. Posteriorly they have flared lateral flanges with almost orthogonal anterior edges and oblique posterolateral edges, forming the dorsal anteromedial portion of the otic capsule and leaving the dorsal otic capsule unossified. They are clearly distinct from the exoccipitals, but not the prootics. Anteriorly, they can be in contact with the sphenethmoid, but this is variable within species. Posteriorly the frontoparietal bears a dorsal process in R. vaventy and R. guentherpetersi.
Ventral investing and palatal bones. The broad parasphenoid cultriform process (47-60% of braincase width at mid-orbit; Table 2 ) extends anteriorly from the anterior edge of the otic capsule to the level of the postchoanal vomers, which it overlaps and sometimes surpasses; it is 40-46% of the skull length ( Table 2 ). The lateral edges curve slightly outward from its posterior end to encompass 20-30% of its length (Table 2) , and then run subparallel (broadening anteriorly in R. coronata, R. guentherpetersi, R. regalis, and R. diadema). Its anterior end is truncate or rounded. The parasphenoid alae are long (each one generally longer than the cultriform process is wide at midorbit), perpendicular to the anteroposterior body axis, broadening slightly laterally, and distally acuminate, with oblique lateral edges. The posteromedial process lies slightly anterior to the level of the ventromedial exoccipitals and may therefore not participate in the foramen magnum (excluded by medial contact of exoccipitals in R. regalis).
The vomer is divided into pre-and postchoanal portions; the prechoanal portion is small, longer than broad, triradiate in R. coronata, R. ornata, R. serratopalpebrosa, and R. vaventy, with a thin lateral ramus extending from its lateral edge (a second posterolateral ramus is present in R. vaventy), or lacking distinct rami in R. guentherpetersi (in which it is strongly reduced), R. diadema, R. regalis (note variability in Figs S3-S7) , and R. tany. The postchoanal portion overlaps the neopalatine for most of its length, and these bones are difficult to distinguish but apparently not fused. The vomerine teeth extend from a ventral ridge on the postchoanal vomer and may be arrayed in a straight (R. diadema, one specimen of R. guentherpetersi, two specimens of R. ornata, R. regalis, R. serratopalpebrosa, and R. tany), sigmoid (R. coronata and one specimen of R. ornata), or arcuate (R. vaventy and one specimen of R. guentherpetersi) pattern. In some species, the vomer bears a small disc-like (R. serratopalpebrosa, R. ornata), or large angular (R. vaventy) anterior projection from its anteromedial surface (absent or weak in R. diadema, R. coronata, R. guentherpetersi, R. regalis, and R. tany). Vomers medially separated by a small gap. The neopalatine approaches the maxilla distally but does not contact it. This complex is in dorsal contact with the parasphenoid medially.
Maxillary arcade. The maxillary arcade bears many small, often poorly resolved, teeth on the premaxilla and maxilla. The premaxillae are separated medially, and their anterodorsal alary processes rise in parallel or are weakly divergent from the midline. The pars palatina is broad, with two well-defined processes: the medial (palatine) process is thin and acuminate, and runs roughly parallel to or converges toward its contralateral; the lateral process is thicker and truncate. The premaxilla and maxilla are sometimes in lateral contact via a simple juxtaposition.
The maxilla is long, with a broad pars palatina along its lingual margin and a poorly developed pars facialis. The posterior end is acuminate and overlaps in a weak junction with the quadratojugal.
Suspensory apparatus. The triradiate pterygoid bears a curved anterior ramus with a sculpted ventrolateral face, oriented anterolaterally toward the maxilla, with which it articulates at the anteroventral corner of the orbit. This contact is obscured by mineralization in micro-CT scans but presumably is separated by the pterygoid cartilage on the medial margin of the maxilla. The posterior face of the medial ramus is strongly sculpted. The posterior ramus is broad and flat. The medial ramus is much shorter than the posterior ramus.
The quadratojugal is long, laterally curved, and slender, articulating anteriorly with the maxilla. It has a bulbous posteroventral process, and articulates dorsally with the ventral ramus of the squamosal (articulation narrow in R. ornata, R. serratopalpebrosa, R. tany, and R. vaventy, and broad in R. coronata, R. guentherpetersi, R. regalis, and R. diadema) through a small dorsal process. (Fig. 2c) fpar-pmx distance (Fig. 2a) prsph length (Fig. 2e) prsph cultriform length (Fig. 2g) prsph cultriform length to waist (from otic capsule) (Fig. 2h) anterior edge of coracoid (Fig. 2m . 2l) coracoid width @ glenoidal socket (Fig. 2i) coracoid width @ sternal end (Fig. 2k) coracoid width @ thinnest point (Fig. 2j) anterior face of scapula @ longest point (Fig. 2n) sacral diapophysis base width (Fig. 2q) sacral diapophysis distal width (Fig. 2p) urostyle length (Fig. 2o) pelvic girdle length (Fig. 2r) width of iliac shaft tips (Fig. 2s) length of femur (Fig. 2t) length of tibia (Fig. 2u) FIGURE 13. Terminology of skull osteology in dorsal view (left) and ventral view (right). Abbreviations: col = columella, exoc = exoccipital, exoc.oc = occipital condyle of exoccipital, fpar = frontoparietal, fpar.lf = frontoparietal lateral flange, max = maxilla, max.pf = maxillary pars fascialis, max.parspal = maxillary pars palatina, nasal.mp = maxillary process of nasal, neopal = neopalatine, pmx.ap = premaxilla alary process, pmx.lp = premaxilla lateral process, pmx.palproc = premaxilla palatine process, povom = postchoanal vomer, proot = prootic, prvom = prechoanal vomer, prsph.cp = parasphenoid cultriform process, prsph.al = parasphenoid alae, pter.ar = pterygoid anterior ramus, pter.mr = pterygoid medial ramus, pter.vr = pterygoid ventral ramus, qj = quadratojugal, qj.pvp = quadratojugal posteroventral process, smax = septomaxilla, spheth = sphenethmoid, sq.or = squamosal otic ramus, sq.vr = squamosal ventral ramus, sq.zr = squamosal zygomatic ramus. The squamosal is dorsally bifurcated, broad and sculpted, extending anterodorsomedially from the quadratojugal to the level of the otic capsule, passing anterior to the columella; the anterior edge of its ventral ramus is stepped in R. diadema, R. guentherpetersi, R. serratopalpebrosa, intermediate between sigmoidal and stepped in R. ornata and R. tany, smoothly sigmoidal in R. vaventy, R. tany, and R. regalis, and straight in R. coronata. The otic ramus is laminar and is longer than the zygomatic ramus.
Rhombophryne coronata
Mandible. (Fig. 14) The mandible is slim and edentate. The mentomeckelians are small and arcuate in ventral view, medially and laterally broadened, and separated medially by a narrow gap. The dentary is long and thin, posteriorly acuminate, and overlaps the angulosplenial for most of its length. It may be in contact with this bone posteriorly, but this is obscured in our scans. The angulosplenial is long and arcuate, laterally sculpted where it is in contact with Meckel's cartilage. The coronoid process is weak in R. guentherpetersi, but is a relatively long and strongly raised ridge in all other species.
Hyoid. (Fig. 14) . The posteromedial processes of the hyoid are spade-shaped, with a distinct medial crista and a broad and flat base with a rounded anteromedial edge and sharp anterolateral and posteromedial corners; their angle is variable within species. No ossified parahyoid is present. Postcranium. Vertebral column. (Fig. 15) Eight procoelous, unfused presacrals are present, each with round posterior articular processes. All vertebrae are non-imbricate. The neural arch of presacral I (atlas) can be complete or incomplete (variable within species); the neural arch of presacral II bears a raised medial ridge, which can extend outward from its anterior edge (variable) and posteriorly as a bulbous neural spine. Presacral III bears a longer, more developed neural spine (weak in R. vaventy, R. diadema, and R. ornata; variable in R. regalis and R. guentherpetersi). The rest of the presacrals have raised posterior margins but lack strong neural spines (except possibly presacral IV, which often has a small medial knob that could be considered a neural spine).
The transverse processes of presacrals II-IV are thicker and broader than those of presacrals V-VIII, though their widths are variable due to the extent of ossification and thresholds in all species for which more than one specimen was available. The transverse processes of presacrals II and III are oriented ventrolaterally (II anteriorly, III posteriorly), whereas those of presacrals IV-VIII extend dorsolaterally (IV-VI strongly to weakly posteriorly, VII and VIII perpendicularly or anteriorly). The transverse processes of R. guentherpetersi are shortened relative to all other species (compare Fig. 7a to Figs 10a and 12a , and Figs S1-2 with S3-12) .
The sacrum bears expanded diapophyses, the base 39-56% of the distal margin. The leading edge is straight and perpendicular to the longitudinal axis of the body in R. coronata, R. diadema, R. regalis, R. tany, some specimens of R. guentherpetersi, and R. ornata, but is anteriorly curved in R. vaventy, and slightly posteriorly curved in some specimens of R. guentherpetersi and R. serratopalpebrosa; the posterior edge is smoothly curved in all species. The urostyle is long (30-37% of SVL) and slender (thickened in one specimen of R. coronata, presumably a developmental defect), and bears a low dorsal ridge along a third (some specimens of R. regalis, R. serratopalpebrosa, and R. tany), half (R. guentherpetersi, some specimens of R. regalis), or over half (R. diadema, R. ornata, R. coronata, R. tany, and R. vaventy) of its length, beginning at its anterior end. Its articulation with the sacrum is bicondylar.
Pectoral girdle. (Fig. 16 ) Prezonal elements are not visible from micro-CT scans. The zonal portion has wellossified coracoids, clavicles, scapulae, and cleithra. The girdle is laterally compressed in R. guentherpetersi through the shortening of the coracoids and clavicles (anterior edge of coracoid 8-9% of SVL vs. 11-13% in all other species; Table 2 ). The clavicles are long, slim, arcuate, and oriented anteromedially, with their medial tips distantly separated from one another (narrowly in R. diadema), more broadly separated than the coracoids, medially ending at about the same level as the middle of the lateral articulation with the scapula. The curve of the clavicle is almost always less strong than that of the anterior edge of the coracoid.
The coracoid is long (except in R. guentherpetersi) and strongly flared, with its sternal end much broader than its glenoid end (sternal end 142-218% of the glenoid end; Table 2 ). Its anterior edge is more strongly curved than the posterior edge. The midshaft width is 24-36% of the width of the expansion of the sternal end of the bone ( Table 2) .
The scapula is long (96-151% of coracoid length along its anterior edge; Table 2 ), with a broad pars acromialis that is clearly distinct from the pars glenoidalis, but approximately equal in length. The pars acromialis is weakly indented on its anterior surface.
The cleithrum is long (can be variable within species), anteriorly thicker, thinning posteriorly; broader at the scapular border, its posterior edge wavy with a distinct notch at the middle of its length (can be absent or asymmetrical). The suprascapula is unossified, but often has mineralization along its ventral and posterior edges.
The postzonal region (sternum) has no ossified elements but can show signs of weak anterior mineralization (e.g. in R. vaventy, Fig. S12 ).
Forelimb and manus. (Fig. 17) The humerus bears ventral and lateral cristae, and lacks a medial crista. The crista ventralis broadens proximally from the midpoint (closer to the proximal end in R. diadema, R. coronata, R. regalis), ending abruptly before reaching the unossified caput humeri in R. ornata, extending to the caput humeri in all other species (with an indentation of varying strength just before the caput humeri; see Fig. 17e ). Sexual dimorphism in the length of the crista ventralis was not noted in R. regalis, one male and three females of which were scanned. The radioulna is broad. The sulcus intermedius is indicated by a distinct groove. The carpals are totally unossified in R. ornata but are at least partially ossified in all other species. The carpus is composed of a radiale, ulnare, ossified prepollex element, Element Y, carpal 2, and a large post-axial element probably representing a fusion of carpals 3-5. The finger phalangeal formula is standard (2-2-3-3). Small distal knobs are present on the terminal phalanges of the fingers (not always well resolved in micro-CT scans and particularly sensitive to thresholds used). An ossified prepollex is not visible in adult specimens of R. ornata (1 adult male) and R. tany (1 adult male); is small in R. coronata (2 adult males; larger in one), R. diadema (1 adult female), R. regalis (1 adult male, 3 adult females; larger in the male), R. guentherpetersi (2 adult females), and R. serratopalpebrosa (1 adult female); and is large in R. vaventy (1 adult male).
Pelvic girdle. (Fig. 18) The pelvic girdle is 44-51% of the SVL in length, being considerably longer in R. vaventy than other species (erroneously described as 'short' by Scherz et al. 2014; see Table 2 ). The iliac shafts pass ventrolateral to, and extend beyond, the sacrum to a variable degree (note: this was previously considered a diagnostic feature in the distinction of R. vaventy and R. serratopalpebrosa , but this joint is flexible and depends on the angle of fixation or mounting for micro-CT imagery, and this is therefore not a valuable character for taxonomic purposes). They are almost cylindrical, with a weak dorsal crest extending nearly their full length, except in one specimen of R. coronata (ZSM 474/2005, Fig. S10 ) in which they are teardrop-shaped in cross-section and have a relatively strong dorsal crest. Each shaft bears a dorsal prominence (strong in R. guentherpetersi, R. regalis, R. serratopalpebrosa, and R. tany; weak in R. diadema, R. vaventy, and R. coronata; variable in R. ornata) and deep oblique groove. The ilia are posteriorly fused with the ischium (fusion not visible in R. ornata but presumably synchondrotic). The pubis is ossified in R. regalis and R. coronata, partially ossified in R. diadema and R. vaventy, and unossified in R. ornata, R. tany, R. guentherpetersi, R. vaventy, and R. serratopalpebrosa (note that the pubes of R. serratopalpebrosa and R. vaventy were mistakenly described as being ossified by Scherz et al. 2014 ; previous assessment of the ossification of the pubis was misled by the methodology used; this is discussed below). In a subadult R. regalis, the pubis is unossified, suggesting that ossification occurs only at or near maturity. Iliosacral articulation is type IIA sensu Emerson (1979) . The overall length of the girdle is 229-283% of the distance between the anterior ends of the iliac shafts (Table 2 ).
FIGURE 18. The pelvic girdle of the R. serratopalpebrosa species group in lateral and dorsal view. Darker colour indicates cartilage. Abbreviations: il.cr = iliac crest, il.sh = iliac shaft, il.dp = dorsal prominence of ilium, il.og = oblique groove of ilium.
Hindlimb and pes. (Fig. 19) The femur is weakly sigmoid. It is nearly equal in length to the tibiofibula (slightly longer in R. coronata and R. guentherpetersi, and slightly shorter in all other species; not assessable in R. ornata due to the lack of terminal ossification). The sulcus intermedius of the tibiofibula is weak. The tibiale and fibulare are much shorter than the tibiofibula. The bones are widely separated at their midpoint and fused at their proximal and distal heads. Two tarsals-T1 and T2+T3-are present, T1 being about half the size of T2+T3; a large centrale and ossified prehallux are also present. The toe phalangeal formula is standard (2-2-3-4-3), but development or ossification of the terminal phalanges is variable in R. coronata (one specimen 1-2-3-4-3 and one with a reduced terminal phalanx of the second digit). The terminal phalanges possess distal knobs, which can be weakly or strongly expanded but are never as broad as the base of the phalanx (again, not always well resolved; see comments on the manus, above).
Discussion
Systematics and evolution of the R. serratopalpebrosa species group. The addition of three species to the R. serratopalpebrosa species group (R. guentherpetersi and the new taxa R. diadema sp. nov. and R. regalis sp. nov.) brings it to a total of eight species. This clade therefore accounts for over half of the described diversity of Rhombophryne, and it is likely that it will remain the most diverse clade in the genus even once all other known candidates are described (Scherz et al. unpublished data) . It is no surprise that the diversity of these frogs has gone unnoticed for so long, given their secretive nature, but it highlights the need for more thorough investigation of Madagascar's underappreciated microhylids. Rhombophryne guentherpetersi and R. ornata are differentiated by a small uncorrected pairwise difference of around 3% in the segment of the 16S gene most widely used for amphibian barcoding in Madagascar ). This is below typical thresholds for flagging genetic lineages as potentially separate species ). However, evidence from a second segment of the 16S gene, as well as the nuclear sacs gene, recover these species with much higher levels of differentiation, recapitulating their strong morphological distinction. This emphasises that, although the 3' portion of 16S is generally a good marker for species recognition in frogs (e.g. Vences et al. 2005; Vieites et al. 2009 ), low p-distances do not always represent a lack of differentiation. In cases where non-genetic lines of evidence suggest the existence of differentiation that is not apparent from the barcode markers, additional genes should be sequenced to clarify the situation.
The morphological resemblance of R. tany and R. diadema sp. nov. is extreme, even for this complex, despite them not being especially closely related (5.4-5.5% uncorrected pairwise distance in a segment of the 16S gene; not sister species). Indeed, they are almost indistinguishable in life (compare Fig. 1d with 11c) . Only subtle characters (especially the number of superciliary spines, tibia length, strength of the supratympanic fold, and several osteological characters) were found to distinguish them. However, our dataset remains incomplete, and it is likely that, as for all members of this genus (e.g. Scherz et al. 2016a; Lambert et al. 2017) , bioacoustic data will further assist in the differentiation of these species, if ever recordings can be made.
The affinities of R. serratopalpebrosa have remained uncertain throughout our revision of this complex. Rhombophryne vaventy occurs probably in close proximity (sympatrically or parapatrically) with it on the Marojejy Massif, but differs from it strongly in morphology . Rhombophryne regalis sp. nov., which is from areas near Marojejy but not yet known from the Massif itself, is morphologically more similar to R. serratopalpebrosa than any other Rhombophryne species currently known. It shares in particular the S-shaped fold before the naris, which is not known from any other member of this genus, and may be a synapomorphy of these two species, which we hypothesise to be sister to one another. Despite their similarity, the distinctiveness of R. serratopalpebrosa and R. regalis sp. nov. is sufficient that we think it unlikely that they will be revealed to be conspecific if ever genetic data become available from R. serratopalpebrosa. To test this hypothesis we emphasise the need to collect additional material of R. serratopalpebrosa from the type locality so that we can finally clarify its genetic relationships.
Biogeography and conservation of the R. serratopalpebrosa species group. Although sampling at present is sparse, the biogeographic patterns of the R. serratopalpebrosa group are worthy of remark (Fig. 20) . The group has its centre of diversity in northern Madagascar, with three species probably co-occurring on the Tsaratanana Massif, two occurring in Sorata (the second being R. vaventy, based on a sequence of specimen AMNH A167315 from 13.6858°S, 49.4419°E from Frost et al. (2006) shown to be minimally divergent from R. vaventy by Scherz et al. 2016b and Lambert et al. 2017) , two on Marojejy, and one in Anjanaharibe-Sud. Rhombophryne coronata is exceptional in being found in the central east of Madagascar, roughly 470 km south of the rest of the group. Additional surveys are needed in forests between Andasibe and Anjanaharibe-Sud to search for taxa that might tie R. coronata to the rest of the group, as no such records are currently known to exist. Given the sister relationship between R. coronata and the rest of the group, it is tempting to conclude that they may have originated in eastern Madagascar, and not in their centre of diversity in northern Madagascar. However, it must also be noted that the next closest group of Rhombophryne species, R. minuta and R. longicrus, are found in Marojejy and Sorata respectively, and therefore definitely have a northern distribution. It seems therefore more likely that they may have originated in northern Madagascar, with the lineage later giving rise to R. coronata subsequently moving southwards. This hypothesis will be worth testing explicitly once additional distribution data are available, taxonomy within the genus has been better resolved, and perhaps in light of a time-calibrated phylogeny.
TABLE 3. IUCN Red List status of members of the R. serratopalpebrosa group. Note that the statuses assigned to many species differ from recommendations given in their original descriptions (e.g. Scherz et al. 2014 Scherz et al. , 2015a . For explanation of criteria, see IUCN (2012) and the text above. AOO = Area of Occupancy, EOO = Extent of Occurrence.
*The current EOO estimate of R. coronata includes records from Andringitra that require confirmation. These are not included in our map (Fig. 20) or the number of localities in this table. ‡ A second locality for R. vaventy was published by Frost et al. (2006) as shown by Scherz et al. (2016b) and Lambert et al. (2017 Considering their fairly small ranges and poor knowledge of their distribution, we currently consider almost all members of the R. serratopalpebrosa group as likely threatened (see Table 3 ). Only R. coronata is exempt, although it must be noted that its current assessment includes dubious records from Andringitra that are in need of taxonomic clarification (IUCN SSC Amphibian Specialist Group 2016b). We do not, however, consider any of these likely threatened species to be under immediate danger of extinction. Based on our current knowledge, the most threatened is undoubtedly R. diadema, which is known from a single location in forest that is currently unprotected and under heavy anthropogenic pressure. In all cases (including R. coronata), the future of the species depends on the maintenance of the forests they inhabit. Madagascar is in the process of expanding its protected area network (Rabearivony et al. 2010 (Rabearivony et al. , 2015 . Depending on the effectiveness of the implementation of these new protected areas, this may result in the improvement of the conservation status of R. diadema and the rest of this species group. At present however, the fate of most, if not all members of this group, remains uncertain.
Digital osteology: surfaces vs. volumes. The osteology of the Rhombophryne serratopalpebrosa species group has been a major component in its taxonomic resolution over the last four years . Our previous work on this genus has been done predominantly based on 3D surface models produced in Amira software (Scherz et al. ,b, 2016a , whereas the osteological analysis presented here is based on examination of volumes rendered in VG Studio Max 2.2. As a result of this methodological change, we discovered at least one significant discrepancy between the osteology of this group as described here and as described by us previously: R. vaventy and R. serratopalpebrosa have unossified pubes, which were incorrectly described and depicted as 'ossified' by Scherz et al. (2014; see Fig. 21 ). Consequently, unossified pubes were misinterpreted as diagnostic of members of the genus from the Tsaratanana Massif in Scherz et al. 2015a (although the general pattern of low ossification of these species remains taxonomically valuable). Although this disparity does not have major consequences for our taxonomic interpretation, it raises issues on the analysis, representation, and interpretation of micro-CT data that must be discussed. This is particularly important as taxonomists increasingly add micro-CT to their toolbox of methods for incorporation in 'integrative' approaches.
FIGURE 21. Comparison of (a) surface and (b) volume rendering of the same skeletal region of the same specimen; the acetabulum of Rhombophryne serratopalpebrosa (MNHN 1975.24) . The surface rendering is that used in Scherz et al. (2014) . The volume rendering was produced for this study. Note particularly the unossified state of the pubis in (b) compared to that reproduced in (a). The arrow indicates the end of the urostyle, which gradually thins towards its tip, but is shown to end abruptly in surface rendering due to the on/off characteristic of meshes.
Surface rendering depends on user-defined density thresholds and subsequent manual segmentation of structures that are either over-or under-rendered. The result is a three-dimensional surface of a single density, that can be converted to a PDF-embedded model that can easily be examined by an end-user (e.g. Figs S1-S12), making surface rendering appealing to the taxonomist and morphologist (Ruthensteiner & Heß 2008) . However, display of all bone or bone-like structures as a single density provides a significant loss of information over that contained in raw images produced by micro-CT scanning-where grey values of voxels (3D pixels) are generally proportional to X-ray absorption-and can mislead interpretations. It was this property of surface models that led to the misinterpretation of the poorly ossified pubis of R. serratopalpebrosa as being bony in Scherz et al. (2014) , whereas volume rendering shows that this is not the case; see Fig. 21 ). It is exceptionally difficult to set manual thresholds for surface rendering that accurately reflect boundaries between ossified and unossified structures, partially because these often form a continuum (consider the cleithrum and suprascapula for instance), and partially because the firm thresholds used in segmentation of one part of a micro-CT scan may not be adequate in another area due to scan artefacts and inconsistencies.
Surface models must also be simplified (i.e. reduction of the number of triangles in a mesh) and smoothed (i.e. planar alignment of neighbouring triangles) to remove the number of rendering artefacts that they contain, especially when they are either generated using a single general threshold, or when multiple manual thresholds have been applied. This can however introduce new artefacts that obscure or mislead interpretations. The neopalatine and postchoanal portion of the vomer appear as a single fused bone in the models and figures of Scherz et al. (2014) , and indeed in our own Figs S1-12. This was cautiously interpreted as the postchoanal vomer "overlapping, fused with, or replacing the [neo]palatine" by Scherz et al. (2014) . These bones are however easily distinguishable in volume renderings, though they overlap extensively. Their apparent fusion in surface rendering was presumably caused by simplification and subsequent smoothing, which removed any trace of the boundaries between them. This emphasises the caution needed to interpret character states based solely on surface rendered micro-CT scans. Volume rendering depends on a user-defined density curve that modifies transparency based on voxel brightness, meaning that a variety of grey values are represented at transparencies and colours proportional to their x-ray absorption. Because portions of the volume can be segmented and given individual density curves, volume rendering can succumb to the same pitfalls as surface rendering, namely misrepresentation of low-absorption regions as high absorption (e.g. poorly ossified structures as bony). However, when a single density curve is applied to the whole dataset, as was done here, volume rendering presents a more data-rich and objective representation of the skeleton. Precisely how much more accurate this method is than surface rendering must be assessed using cleared and stained specimens in the future, but this is not possible in this genus with so few specimens available. The greatest drawback of volume rendering is that, so far as we know, volumes cannot yet be embedded into PDFs as manipulable 3D models in the way that surface models can. However, rotational videos of volumes can be produced that enable similar three-dimensionality for the end user without compromising the data (see supplemental videos at http://morphosource.org/Detail/ProjectDetail/Show/project_id/254 ).
We contend that vertebrate taxonomists using micro-CT should, when possible, base osteological descriptions on volume-based visualization (including figures), and provide surface models only as supplemental files to aid the reader in their understanding of the three-dimensional relationships and shapes of the described bones. Invertebrate taxonomists and morphologists working on structures other than bone should carefully consider the applications of the technique they are using, and, when basing figures on surface renderings, should make clear that relative density information is not represented. 
